Since magnetic signals recordable on the deep sea floor are very small and since records of long duration must be obtained to extend the frequency range abruptly limited on the high end by ocean shielding, sea floor magnetic variographs depend critically on long term stability. Temperature effects are not limiting since temperature variations at great oceanic depth are minimal, but stability of position in situ at landing depends on little known as well as little controllable conditions.
Introduction
While electromagnetic exploration of the earth's interior remains a complex problem at the data interpretation level, its experimental application has produced a great variety of successful observational methods for land usage. A comprehensive review of the equipment and techniques in use has been presented by SERSON (1973) , together with an extended list of references. With respect to the general subject, the significance of global geomagnetic sounding-mainly based on continental data-has been reviewed and referenced by BAILEY (1973) , RIKITAKE (1973) and others. Some examples of regional magnetotelluric research on the continent can be found in SCHMVCKER (1973) and GOUGH (1973) . Altogether an impressive amount of electromagnetic exploration has been carried out on land. SI 1 Electromagnetic exploration of the oceanic basement, in spite of a definite increase in pace, remains limited. The pioneering observational advances in this field accomplished prior to the late sixties were reviewed by FILLOUX (1973) (see also BENNETT and FILLOUX, 1975) . Because of staggering initial experimental difficulties, the most conclusive steps are probably the most recent ones. Therefore it appears useful to update at this time our earlier review. This objective is the purpose of the present paper.
In order to set a proper perspective, the following background may be useful. There are considerable differences, in spite of a common principle, between land and sea floor magnetotelluric exploration. In both cases the signals relationships of interest are with respect to electromagnetic sources external to the earth, mainly distributed in the ionosphere and vicinity. However, the signals observed on the sea floor suffer two degrees of degradation: (1) the shielding effect of several kilometers of sea water attenuates drastically the ionospheric signals at frequencies above a few cycles per hour, and (2) oceanic water motions, through their interacting with the main earth's field, create unrelated motional fields which contaminate those induced by ionospheric sources. As a result, ocean floor magnetotelluric observations suffer an unavoidable high frequency cutoff somewhere between 10 and 100cph; furthermore, they become increasingly noisy at frequencies below 1cph and beyond, in such a way that very long observations are imperative to obtain data of usable quality at very low frequencies. Fortunately, in spite of these stringent limitations it appears that the restricted effective frequency band of only three decades is nevertheless adequately centered along the frequency scale to permit characterization of one of the most interesting features of submarine geology, namely the transition zone between rigid oceanic plates and the more stationary mantle below.
Other fundamental differences between ocean floor and land magnetotelluric exploration relate to their logistics aspects, to the destructiveness of the ocean and the remoteness of the sea floor. It is fair to say, however, that the quietness of the sea floor, the remarkable stability there of sea water temperature and composition as well as the very low source impedance in electric field monitoring constitute definite long term observational advantages.
A limitation common to land and oceanic magnetotellurics is the problem of electrodes in long term electric field measurements. For oceanic use, silver-silver chloride electrodes are adopted generally. A disquieting situation, however, must be faced. Circumstantial evidence has suggested on occasions that oceanic electric fields measured in the past by means of long lines (FILLOUX, 1967a; Cox et al., 1971 ) may have been underestimated (GREENHOUSE, 1972; LAUNAY, 1974) . Recent experiments (DANIEL, 1978) and more specifically our own check on earlier work (FILLOUX, 1980) lead to a similar conjecture. Since we had taken extreme care to insure full stretching of our sea floor cables and had included arrays of compasses to check the correctness of orientation at regular intervals, a cause other than inadequate stretching must be considered. A natural starting point is to question the electrodes and to re-examine their behavior when associated with moderately low impedance circuits as was the case at the time of initial experimentation.
In the following we briefly summarize the significant oceanic electromagnetic exploratory work that, to our knowledge, took place during the present decade.
Observations
A great variety of electromagnetic observations were made during the spring of 1973 in the western central north Atlantic on the occasion of the multi-institutional MODE experiment (Mid Ocean Dynamic Experiment; for reference see MODE (1972) ; location 28N, 68w, that is 300 nautical miles to the south-west of Bermuda within a circular area 200 miles in diameter). Although the primary objectives of MODE were aimed at an intensive survey of large scale truly oceanic circulation, electromagnetic experiments related to submarine geology were also performed.
Three types of observations were carried out on the deep sea floor. Namely: (1) magnetic variations by means of single domain thin film magnetometer (POEHLS and VON HERZEN, 1976) ; (2) horizontal electric field, using for the first time small size free fall recorders with electrode noise and drift rejected by means of salt bridge choppers (FILLOUX, 1974; Cox et al., 1976) ; and (3) vertical electric field (HARVEY, 1972) . (Vertical electric field measurements were of interest in MODE because the vertical field is a clean measure of oceanic water motion along the magnetic east-west direction.)
During the same three month period, the three component magnetic variations were recorded by Gough on Bermuda and on Great Abaco, Bahamas, and the electric field was monitored at two stations by Larsen (Cox et al., 1980) .
Another joint experiment was carried out during 1977 in the North Central Pacific Ocean in an area centered 500 nautical miles to the northeast of Hawaii. In addition to electric and magnetic observations on the sea floor similar to those of MODE and carried out by the same researchers, Daniel used a new approach, engineered by Harvey, to deploy a long and fine wire along the sea floor and Filloux tested newly developed three component magnetic variographs of the suspended magnet type (as described below).
More recently our 1965 station off central California was revisited (FILLOUX, 1967a (FILLOUX, , b, 1977 (FILLOUX, , 1980 for the purpose of checking our early work with equipment now far more adequate than in the original experiments and also to verify improvements of our salt bridge choppers and suspension magnetometers.
Klein and Larsen pursued their investigations of the deep mid oceanic mantle below the Hawaiian chain, having extended their range of observation from Oahu to Hawaii and Midway (KLEIN, 1975; LARSEN, 1976) . RICHARDS (1977) continues his work related to electromagnetic oceanic signals recorded by means of abandoned transoceanic telegraph cables between several islands of the Pacific Ocean. Cox et al. (1978) have carried out coastal experiments aimed at the investigation of a postulated wave guide below the ocean assumed to be constituted of a very low conductivity layer sandwiched between highly conducing materials, namely the ocean above and hotter layers below. For related results concerning this research see also PISTEK (1977) .
A rather unusual experiment, indirectly related to the subject, was performed by HARvey et al. (1977) in the Straits of Magellan. The purpose of this experiment was a feasibility study for a tidal current monitoring station that would make real time estimates of the actual velocity in the channel, so as to provide help to shipping traffic in this exceedingly dangerous area. The working hypothesis was that the motional field of the tidal currents would drive electric currents closing through the adjacent land thus producing there an electric field sufficiently intense to be observable and interpretable. Simultaneous measurements with current meters located in the channel have substantially confirmed the expectations.
Spectral Analysis
In interpreting sea floor magnetotelluric data, and to some extent in planning experiments, we lack a full understanding of the importance of interference by oceanic motional fields. Three types of velocity fields are suspected to contribute to a detrimental noise level: (1) mesoscale motions, with periods from a few days to several weeks and perhaps months; such motions were clearly identified in MODE (Cox et al., 1976; FREELAND and GOULD, 1976; MCWILLIAMS, 1976) . From measurements elsewhere-California current, north central Pacific-where barotropic mesoscale motions are moderate to low, and eastern north Pacific where they are strong, it is apparent that their associated electric spectra varies greatly from place to place; (2) internal waves, ever present in the open ocean (GARRETT and MUNK, 1975) , constitute the most likely cause of degradation of coherence between electric and magnetic fluctuations recorded on the deep sea floor in the range of interest of magnetotelluric exploration; (3) local turbulence of small size has been occasionally detected on the deep sea floor, probably associated with the interaction between bottom flow and bottom roughness (Cox et al., 1976) .
There are other strong motional signals present on the sea floor; in fact oceanic gravitational tides generate the most conspicuous energy peaks. However, since their driving mechanisms are precisely known, are nearly harmonic and affect only narrow bands their effects are not excessively damaging. Even so, the complication contributed to data analysis by the effect of oceanic tides is far from trivial. Effective reduction of this limitation is best accomplished by means of long term records, as also required to extend the usability of the low frequencies in the presence of active mesoscale motions. The fields associated with local sea floor turbulence can be controlled to some extent if several measurements in the same vicinity, but separated by a distance greater than the detrimental turbulence scale, are carried out simultaneously. This remark is also valid with respect to internal wave contamination; however a greater separation-perhaps 50 to 100km-is thus necessary, a situation which may not always be compatible with the sea floor lateral variability.
In Figs. 1 and 2 we have updated our earlier spectra of electric and magnetic pulsations on the deep sea floor and at mid latitudes (FILLOUX, 1973) . It is likely that these will have to be updated again as we continue our learning. In general, oceanic motions create electromagnetic fields which affect more adversely the electric records than the magnetic. In fact magnetic signals energetic enough to overcome ionospheric fluctuations occur only in the case of tides, in very narrow bands, and possibly also in the case of the most energetic mesoscale motions. In spite of the total immunity of the former to temperature effects, the necessity to provide biasing fields to cancel the main earth's field requires high stability electronics and high power, thus tending to renew the problem of temperature compensation. The latter are attractive devices by their sensitivity and simplicity, but they are very temperature dependent-several hundreds of gammas per degree-and their long term stability leaves much to be desired. Most running projects as well as those in the planning rely on fluxgate sensors. These solid state devices appear to have reached a high degree of quality and produce frequency modulated signals directly adaptable to digital recording techniques. Whether used in nulling configuration or in conjunction with Helmholtz coil cancelling the main earth's field they require a stability of electronics equivalent to the ratio of the desired least count to the main earth's field, that is two parts in a million for a least count of 1r. Such a performance in turn requires high class electronic technology not easily amenable to low power consumption.
Our own preference has been for suspension type sensors. We have been guided in this choice by earlier experience with very sensitive and stable optometric angular detectors (FILLOUX, 1967b (FILLOUX, , 1970 and by our desire to draw on some definite advantages of torsion fibers : in suspended magnet type variographs, cancelation of the main earth's field can be made by twisting the suspension fiber; the required torque orienting the magnets properly is then produced at no drain on the power supply and with no natural noise contribution other than the possible plastic flow or creep in the fiber due to stress; a proper design can be made almost immune to plastic flow by maximizing the angular sensitivity of the optics, optimizing magnet and fiber dimensions and selecting appropriate fiber material.
The general principle of individual suspensions in our three component variographs is shown on Fig. 3 . An infrared source generates a light beam collimated by a condenser, truncated by a slit and forming an image onto a mirror attached to the suspended magnet after crossing an objective in front of the mirror. The reflected beam crosses the objective again and forms an image of the slit onto a pair of light sensors connected in opposition. If mirror and magnet are not well centered, a signal results which is amplified and injected into a feedback coil. The magnetic field thus created interacts with the magnet to correctly orient the system. The current in the coil is therefore a measure of the variation field in a direction mutually normal to fiber and magnetic moment of the magnet.
Three identical suspensions are used in each instrument (see illustration of Fig. 4) . They are mounted in a rotating cage that is oriented by a servomechanism when the instrument, dropped from the surface, has reached the bottom. Deviations of up to 15 from ideal orientation are tolerable. The least count has been set to 2R, but could be reduced. Power requirement for sensors and recorder is 50 milliwatt. Sampling involving continuous averaging with recording at 128 samples per hour is limited by cassette sizes to 60 days, longer with a reduced sampling rate. The exact orientation of the instrument on the sea floor is provided by the elapsed time shadowgraph of a hanging compass. The compass magnetic needle is enclosed in a transparent capsule with opaque indexing. The capsule hangs as a pendulum from a small ring on the upper lid of a light tight cylindrical box with vertical axis. From the center of the upper lid a point light source is switched on for one second daily. The shadow of compass needle, index and circular capsule is recorded on a photographic film located on the lower lid. This information provides azimuth, tilt and a coarse indication of position stability with time.
For illustration of typical recordings see FILLOUX (1980) . While progress has been made in measuring the electric field on the sea floor with instruments of small size, the long line technique has not been abandoned. The technique of Harvey and Daniel illustrated on Fig. 5 and used in the North Pacific experiment of the summer of 1976 (Cruise, Farewell to Aggy) shows that a rather small wire can be laid on the sea floor and can remain insulated for at least several months. The technique involves lowering the recorder by means of the ship's hydrographic wire to within a few hundred meters of the bottom, releasing the instrument and first electrode and letting the wire unspool itself by the motion of the ship towards the position of the second electrode. When the end of the wire is reached, the end electrode falls of its own accord, completing the operation. The distance between deployment rig and bottom is estimated by comparing the dual pluses of a pinger as they are received onboard, namely the direct and the bottom reflected pulses (see Fig. 5 ). Switching between different pulse rates provides information on the unfolding of the operation. The deployment method has definite merit, but takes time and one operation is required for each component. Since full stretching and intended azimuth cannot be guaranteed, a method permitting precise location of the electrodes must be found. It is our understanding that this requirement shall be fulfilled in future experiments by means of acoustic devices. Although the art of constructing salt bridge choppers of adequate quality turned out to be difficult to learn, we are confident that this technique has much to offer (for earlier background see MANGELSDORF, 1968; FILLOUX, 1973 FILLOUX, , 1974 . The benefits include small electrode drift and low frequency noise rejection, overall chopper stabilization that eliminates the requirement for regulated supplies, small size and ease of transportation and handling.
The principle of the salt bridge chopper, or electrode switching scheme, is shown on Fig. 6 , see legend for detailed operating mechanism. Our initial implementation of submerged in sea water and submitted to electric field E. As shown, the electrode a is connected to the sea at point A, B at point B, and the signal is u1. As the double switch moves from position 1 to 2, the relationship A, B to a, B is inverted and the output becomes u2. The electric field in direction AB is thus (u2-u1)/2D where D is the distance AB and the electrode natural e.m.f., including noise and drift, is (u2+u1)/2. this system, as used in MODE (Cox et al., 1976 ), Farewell to Aggy (FILLOUX, 1977 ) and S.F. Revisited (FILLOUX, 1980 , is shown on Fig. 7 ; again the legend provides details on construction and operation for choppers and driver. For response characteristics to both oceanic electric field and electrode noise see FILLOUX (1974) .
The technical problems encountered in developing the salt bridge chopper included the concept of a driving system requiring minimum power, the selection of valve-like switches capable of opening completely (that is, allowing no current leakage) and without degradation with time, and of a design immune to the very large changes in hydrostatic pressure between sea surface and sea floor. The last requirement is of great importance on account of the large differences between elasticity modulii of the insulating materials used in switching components and of the metallic parts of the driver. The difficulties are compounded by the impossibility to visually determine where distortions cause failures as pressure is applied and by the ambiguity encountered in trying to separate aging effects in the switch mechanisms from those due to dimensional changes induced by creep under Fig. 7 . Functional representation of the twin salt bridge choppers and electromagnetic driver. The system is symmetric with one independent chopper on each side of the central driver. The latter is constituted by two concentric ceramic ring magnets 1 and 2, polarized in a direction parallel to their axis but in opposed directions. They are connected to the sliding shaft, 3, that actuates the choppers, by means of springs (small circles). This compliant connection serves two purposes (1) it relaxes the adverse consequences of differential compression, at abyssal pressure, between metal and plastic parts and (2) it allows storage of otherwise lost magnetic energy during the second half of each switching, to the end of saving electric power; see Fig. 8 and text. The magnet assembly moves within the gap of two electromagnetic armatures 4 and 5. A strong magnetic flux generated by the magnets flows through a low reluctance path constituted by the soft iron armature, thus producing a strong attraction of the magnet assembly, either to the right or to the left, with an unstable neutral position half way in between. The system is immersed in light oil, laterally contained by flexible neoprene membranes.
Switching from left to right is produced by a positive current pulse in both coils within the armature. Negative pulses cause switching in the opposite direction in such a way that the chopper position is unambiguously polarity controlled. No current-hence no power-is required to sustain the forces that maintain the water switches active between reversals. The relation between these salt bridges double pull double-throw switches and the switching schemes of Fig. 6 is easily recognizable: the pipes A and B are here shown as 6 and 7 for one chopper and 8 and 9 for the other; the electrodes pairs are represented by 10, 11, and 12, 13. abyssal pressure.
The design of the electromechanical driver with. its twin ceramic ring magnets and spring system resolves simultaneously several of the aforementioned difficulties, see Light grey area represents energy required to expel magnet from one side to the other when springs are not used (see Fig. 7) ; with optimum spring system the energy is reduced to the much smaller dark grey area, with concurrent large energy saving, yet with no decrease in the force on sealing components. ture interaction, the gap, or magnet travel, must be large; otherwise the differential force resulting from the magnets interactions with the left and with the right armatures tend to cancel each other. In the absence of the spring system, the switching energy would be proportional to the light grey area in Fig. 8 . However, by reducing dramatically the travel in the choppers, but not in the driver, and by selecting springs with a spring constant just slightly less than that compensating the magnetic force on the driving magnets, the driving energy falls considerably and becomes proportional to the dark grey area of Fig.  8 . At the same time the initial adjustment of the switch is made much less critical and subsequent changes in dimensions are tolerated unless very large. Typically the measured energy requirement is 25 Joule per switching, 5 Joule per cycle, or 64 Joule/hr at 128 samples per hr. Thus 5kg of alcaline batteries can provide ample power for one year of operating at 64 samples per hr. The launching of a two horizontal component sea floor electric field recorder is shown on Fig. 9 .
Following a long developmental period, rich in expectations, as well as in hard won technological breakthroughs, a more decisive epoch appears to have been reached in which tooling adequate to electromagnetic exploration of the oceanic lithosphere and upper mantle has become available. We therefore expect increased contributions from MT sea floor exploration to submarine geological research in a not too distant future.
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